Phosphate glasses are important materials in many fields. However, their usage can be limited due to water corrosion. Addition of Al 2 O 3 significantly improves the water resistance, and as such, the glass of superior water durability can be obtained. Thus, it may be considered as a matrix for waste immobilization. In the paper, thermal properties of 60P 2 O 5 -(40-x)Al 2 O 3 -xNa 2 O glasses are presented. The materials were investigated with the application of DSC/TG method and observations of shape change during heating in a heating microscope. Water durability studies are also presented. It was evidenced that glass of low Na 2 O content crystallizes during heating, which limits their application in waste vitrification. Nevertheless, the obtained glass-ceramic material is characterized by a superior water resistance. The water durability decreases with sodium content. The obtained results are discussed from a waste immobilization point of view, and the optimal glass composition containing 15 mol% of Na 2 O is indicated due to it low viscosity, melting temperature and very good water resistance.
Introduction
Phosphate glasses are important materials which offer great application potential. Their high thermal expansion coefficient and low liquidus temperature make them suitable as sealants with metals and alloys [1] . The glasses containing Ca can be biocompatible and can be used as bone or dental implants [2] [3] [4] [5] [6] [7] . Addition of rare earths makes them attractive materials for laser and optoelectronic devices [8] [9] [10] [11] [12] [13] [14] . Phosphate glasses can be also used as fertilizers of slow and controlled dissolution [15] [16] [17] . One of the biggest drawbacks of the phosphate glasses can be the abundance of easily hydrated P-O-P bonds, which strongly limit their practical applications [18, 19] . However, the addition of iron or aluminum oxides replaces P-O-P bonds by more chemically durable P-O-Fe/Al and significantly increases the chemical durability of the glasses, and as a consequence, a superior water-resistant material can be obtained [20, 21] . Thus, the glasses can be very attractive for the vitrification process of toxic or radioactive waste. The glasses are now considered as a matrix for vitrification of waste which by its composition cannot be immobilized in ''conventional'' borosilicate glasses. Such waste can contain a high concentration of actinides, salts such as cesium sulfate, and chlorides [22] [23] [24] [25] . Additionally, the glasses are characterized by lower melting temperatures and viscosity of the melt comparing to borosilicate, which leads to a decrease in the vitrification temperature and homogenization time. Thus, evaporation of volatile components, the creation of secondary waste from off-gas systems and costs of the process are limited [25, 26] .
Pure or P 2 O 5 -rich glasses are unstable in the air due to their corrosion by water from a humid environment. Water can hydrolyze covalent P-O-P bonds or hydrate modifier cations. Generally, P-O-P chains are disrupted and hydroxyls groups P-OH are formed. The breaking of chains lowers the glass network polymerization, and the network swells to form a gelatinous layer [27] . Additionally, water can form modifier hydrates such as NaOH, which increase the glass corrosion level [28, 29] up to about 140°C, and then rapid desorption is observed [27] . On the other hand, P 2 O 5 is the main building oxide of phosphate glasses network. Water corrosion of the glass network leads to its partial depolymerization. The glass network connectivity can be described using O/P ratio. The vitreous P 2 O 5 creates a three-dimensional phosphate network with O/P = 2.5. The increase in the ratio results in the gradual depolymerization of the phosphate network. The full depolymerization is achieved for orthophosphate stoichiometry with O/P ratio over 4 [30] .
Addition of Al 2 O 3 decreases the number of P-O-P linkages by replacing them by P-O-Al which are much more hydration resistant. Thus, chemical durability of the glasses is increased and it is one of the highest achieved durabilities for the glass of composition 60P 2 O 5 -40Al 2 O 3 [21] . This glass is characterized by the formal O/P ratio equaling 3.5 and belongs to polyphosphate glasses. Phosphate network in this glass is composed of very short phosphate chains created mainly by P 2 O 7 dimmers which are joined by Al 3? oxygen polyhedrons. The Al polyhedrons increase the glass network connectivity and, thus, increase polymerization of the whole network. Aluminum ions are intermediate compounds and can be glass network formers or modifiers depending on their coordination number to oxygen. They can be glass network formers in coordination 4 and modifiers in coordination 6. In the case of iron-phosphate glasses, it was found out that the glass leachability is independent of the role of iron in the glass network [31] . A similar behavior is also valid for aluminum-phosphate glasses [29] .
The subject of the studies is aluminum-phosphate glasses of composition 60P 2 O 5 -(40-x)Al 2 O 3 -xNa 2 O. The glasses are characterized by constant P 2 O 5 concentration, whereas Al 2 O 3 is gradually substituted by Na 2 O in the range from 5 to 30 mol%. The formal O/P ratio is in the range from 3.42 to 3 for x = 5 and 30, respectively. Thus, all of them belong to the polyphosphate glass region where the phosphate network is built of chains. The length of the chains increases with Na 2 O content. Then, the glass network for x = 5 is composed of very short chains (dimmers) which are connected by Al oxygen polyhedrons, in which the number of P-O-P bonds is strongly limited. On the other side, in the case of the x = 30 glass, the phosphate chains are much longer and their connectivity via Al oxygen polyhedrons is considerably lower and the number of P-O-P bonds is higher.
From the waste vitrification point of view, an increase in Al 2 O 3 should improve considerably the chemical durability, which is a strongly desired effect. On the other hand, Al 2 O 3 by an increase in the glass network connectivity may increase the network rigidity and vitrification temperature [26, 32] , which may limit their potential application in waste immobilization.
Taking all into account, the aim of the studies was to describe thermal properties and leachability of 60P 2 O 5 losses during melting of the batch due to evaporation. Batches were melted for 2 h at 1300°C in Al 2 O 3 crucible in an electric furnace with the furnace atmosphere as close to natural as possible. The chemical composition of the obtained glasses was checked by X-ray fluorescence (XRF) and was similar to the assumed in the uncertainty of the method. All samples were XRD-checked to be amorphous. The chemical composition and the samples designation are shown in Table 1 .
Heating microscopy thermal analysis was carried out using compacted powder samples of a cubic shape. Powdered samples were prepared by milling of bulk samples in a ball mill. Then, they were wetted in ethanol and compacted to cubes of 3 9 3 9 3 mm by a hand press. The observations of the shape changes during heating were conducted in a Carl Zeiss MH01 microscope at a heating rate 10°C min -1 . Data of the sample height were collected at intervals of 10°C during the experiment, and shrinkage curves were obtained. The beginning of the sintering process temperature T s as the onset of densification was determined from the shrinkage curve. The half-sphere temperature T hs , which was the temperature at which the height of the sample was half the width of the base, and the flow temperature T f , which was the first temperature at which the sample is melted to a third of its original height, were observed [26] . Additionally, shrinkage (h/h 0 -ratio of a sample height at give temperature to the height at room temperature) dependence on temperature was determined.
Glass transformation temperature T g at the half of the heat capacity step on DSC curve, crystallization T C as the onset of the first crystallization peak and melting T M as the first melting peak maximum temperature were measured by differential scanning calorimetry (DSC) method combined with thermogravimetry (TG) at the heating rate 10°C min -1 . Measurements were carried out using Netzsch STA 449 F5 Jupiter, operating in the heat flux DSC mode. Glass powder samples weighing 80 mg were heated in Al 2 O 3 crucibles at a rate of 10 C min -1 in a dry air atmosphere up to 1100°C. Characteristic temperatures of the glass transformation effects and changes in specific heat at T g were determined applying the Netzsch Proteus Thermal Analysis Program (version 5.0.0.).
Water leachability studies were conducted according to the ASTM C1285-02 test (PCT-product consistency test) which now is one of the mostly conducted protocols, thus giving an easy way to compare different glasses with each other, especially those which are used in waste immobilization. The glass samples were crushed, and standard sieve analysis was performed with top sieve of screen openings of 0.15 mm and the lower with the openings of 0.075 mm. The sieves were placed in a mechanical shaker. The shaking time was 30 min. Thus, the glass of a grain size in the range of 0.075-0.150 mm was obtained. 1.5 g of grains was put into PTFE bottles, and 15 mL of de-ionized water was added. The bottles were sealed and placed in a laboratory oven at 90°C for 7 days. Then, the solution was filtered off. The chemical composition of the solution was analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES) method. The results of leaching tests were presented as normalized leaching coefficient of element i (NL i ) according to the formulae NL i = (C i V i )/(f i S A ), where C i is the concentration of the element i in the solution, V i is the solution volume, f i is the mass percentage of the i element in the glass, and S A is the surface of the tested sample, as recommended by the standard.
Results and discussion

Heating microscopy
Observation of the glasses shape change during heating was conducted in the heating microscope. Depending on the samples composition, three different behaviors of the change were evidenced: the first one for the glasses of low Na 2 O content as PAN1 and PAN2, the second range for the samples PAN3, PAN4, and PAN5 and the last for PAN6. For all the glasses, temperature dependence of the shrinkage was determined. The exemplary curves for the above three regions are presented in Fig. 1 , and the determined characteristic temperatures for all the glasses are summarized in Table 2 .
In the case of the low Na 2 O content glasses (PAN1 and PAN2), their temperature behavior in the heating microscopy is similar. Sintering is observed as densification of the samples with maintaining the shape of the sample. After densification which is achieved in the shrinkage curve minimum, the samples start to change the shape and some rounding of the edges is observed. Rounding of the edges suggests an appearance of a liquid phase. This takes place at around 800°C in both cases. Then, the samples start to expand and the effect is stopped at about 1000°C. For the higher temperatures, the shape becomes constant up to 1450°C. Such a behavior may be due to crystallization of the glasses at temperatures around 800°C when crystal phases of high-temperature melting points are formed. In the case of high-alumina-content glasses such as PAN1 and PAN2, crystallization of AlPO 4 and Al(PO 3 ) 3 can be expected [23] which both have a melting point above the maximum temperature limit of the equipment.
The higher Na 2 O content samples for x from 15 to 25 (PAN2-PAN5) show shape change typical for glasses. Densification with about 20% shrinkage is observed, and the sintering temperature decreases with the Na 2 O increase. After sintering, a characteristic plateau is observed, in which the sample shape is constant. Then is evidenced rounding of the samples corners, which is related to the formation of a liquid phase and the fast shrinkage begins with the formation of round shape which became a halfsphere until flow point is achieved. The highest Na 2 O content glass (PAN6) shows behavior which is rather typical for crystalline phase melting. The height of the sample is unchanged up to over 630°C when strong shrinkage is evidenced. Although over about 450°C a formation of a small quantity of a liquid phase which smoothed the surface is observed, the shape and the height are maintained. The rapid melting without a formation of a characteristic for glasses' spherical shape is registered. This means the low viscosity of the melt is specific for crystalline samples melting.
Taking into account waste immobilization technology, all the samples are characterized by a low sintering temperature with the formation of the liquid phase. In the case of the low Na 2 O content glasses, the crystallization effect with the formation of the high melting phases limits their practical application in the case of waste vitrification. On the other hand, taking into consideration only sintering temperatures, the glasses can be used to prepare glasscomposite materials, which are a new possibility in waste immobilization [20, 21] . The obtained characteristic temperatures for the glasses from the mid-Na 2 O content region may indicate the usefulness of the glasses in the waste vitrification technique.
DSC studies
DSC curves for all the studied glasses are shown in Fig. 2 . Transformation (T g ), crystallization (T c ), liquidus (T l ) temperatures, change in the specific heat capacity accompanying the glass transformation (DC p ), and Hruby's glass thermal stability (K H ) criterion are summarized in Table 3 .
All the samples show the characteristic for glasses, a transformation step in which temperature decreases with increasing Na 2 O content. Behind the step appears an exothermic effect of crystallization, which becomes stronger when sodium is added. The crystallization peak is broad, suggesting a complex process of crystallization. After the peak, an endothermic effect is observed which can be related to melting or partial melting of the crystalline phases. It is worthy to mention that close inspection of the curves showed that for the glasses over x = 20 (PAN4) a small endothermic effect at about 180°C is evidenced. The effect is stronger with the increase in sodium in the glass and may be related to rapid water desorption [27] .
Comparing the obtained glass transition temperatures with the sintering temperatures, we observed that the T g temperatures lie higher than those of the sintering in all cases, except the last glass sample. On the other hand, the presented glass transition temperatures were obtained as usual in the midpoint of the transition, whereas the sintering temperature is usually determined as the onset of densification. Comparing the glass transition onset temperature with the obtained sintering point, we found a good agreement between these temperatures in the uncertainty limit of the methods. In the case of the PAN6 sample, the sintering temperature is considerably higher. On the other hand, the small quantity of a liquid phase was observed at 450°C, which is close to the determined T g value. Thus, one can see that the sintering of the powdered samples takes place in the glass transition temperature. The decrease in the T g temperature with the increase in Na 2 O may be related to the increase in the glass network flexibility due to the increasing length of the phosphate chains.
The evaluated T L temperatures as the endothermic effect next to the crystallization peak on the DSC curves lie Temperature/°C 800 1000 Fig. 2 DSC curves of the studied glasses Table 3 Transformation (T g ), crystallization (T c ), liquidus (T l ) temperatures, change in the specific heat capacity accompanying the glass transformation (DC p ), and Hruby's glass thermal stability (K H ) for the studied glasses 
TG analysis
TG analysis of the high-sodium-content samples revealed the existence of two small mass-loss regions. Exemplary TG curve is presented in Fig. 3 . The first region at low temperatures was designated as Dm 1 and the second one at high temperatures as Dm 2 . The determined mass losses in these regions are summarized in Table 4 .
In the case of the sample PAN1, we do not observe any mass losses in the measured temperature range. When the Na 2 O content is increased, the high-temperature mass loss is evidenced. The beginning of the mass change is for all the samples at the same temperature over about 1000°C. We were not able to observe the end of the change, and therefore, in the table Dm 2 values are for the temperature range from 1000 to 1100°C. A slight increase in the Dm 2 is also observed with an increase in Na 2 O content in the glass. The increase in Na 2 O results in an increase in the liquid phase quantity at high temperatures. Thus, the mass loss is probably related to the evaporation of P 2 O 5 from the melted glass. For the highest sodium content glasses, the low temperature mass-loss region is also evidenced, which begins at the same temperature about 180°C for all the samples. The mass change increases with Na 2 O content in the glass. This may be related to the release of H 2 O bonded in the glass network, which is supported by the observation of the small endothermic effect at the same temperature on the corresponding DSC curves. By this fact, the usability of PAN4 to PAN6 glasses in waste immobilization is strongly limited. Additionally, the evidenced mass loss over 1000°C makes the high-temperature limit of the glasses' usability in waste vitrification process.
Water leachability results
The obtained normalized elemental release rates for the investigated glasses are summarized in Table 5 .
According to ASTM C1288-02 test, the values of NL i should be below certain limits so that the glass could be considered suitable for waste immobilization. The standard was created for borosilicate glasses, but in both cases, sodium is the most leached element. The NL Na for sodium needs to be below 5.05 g m -2 after 7 days to fulfill the standard limit. The glasses' water resistance decreases considerably with the Na 2 O increase. Only the first three glasses of the lowest sodium content to 15 mol% of Na 2 O fulfill the standard limit. Their water resistance is superior although the leachability results for the tested glasses are comparable or even better than for other phosphate glasses considered as a matrix for waste vitrification [23, 29] .
Conclusions
All of the investigated glasses were synthesized in a conventional way by casting the melt on a steel plate. During the synthesis, over about 1000°C, strong evaporation of Thermal properties of 60P 2 O 5 -(40-x)Al 2 O 3 -xNa 2 O glasses P 2 O 5 is expected, and therefore, some overweight of the oxide should be used to compensate the mass loss. The glasses of the lowest Na 2 O content (5 and 10 mol%) during heating go under crystallization effect with the formation of the high-temperature-melting aluminum phosphates. On the other hand, the glasses are characterized by superior water durability. The first effect confines their usability in waste vitrification. Nevertheless, the glasses can be valuable in waste immobilization by sintering the waste with glass frit and production of glassceramic materials. The sintering temperature is rather low, and leachability results are very good.
The glass containing 15 mol% of Na 2 O seems to be the most optimal for waste vitrification process. Due to low melting temperature, the short plateau on the shrinkage curve indicates rather low viscosity what should proceeds in a shortening of vitrification time and lowering the melting temperature comparing to borosilicate. Thus, the vitrification total costs should be reduced. The glass is also characterized be very good water durability, which may ensure the safe storage of the vitrified final product.
The glasses of the higher Na 2 O content over 20 mol% also have good thermal properties, but their application, in this case, is limited due to their water corrosion.
